INTRODUCTION
The ubiquitin ligase, Itch, regulates the immune system through facilitating the covalent attachment of ubiquitin molecules to specific substrates. 1, 2 Patients with a loss-offunction mutation in the Itch gene develop autoantibodies as well as nonspecific inflammatory infiltration of the gastrointestinal tract, liver and lungs. 3 In addition, patients deficient in Itch, as well as patients with a mutation in an activator of Itch, ATM kinase, exhibit increased susceptibility to bacterial respiratory infections. [3] [4] [5] Much like humans, mice with a genetic inversion resulting in loss of Itch function (Itchy mutant mice, here called Itch − / − mice) develop a lethal autoimmune disease that is characterized by aberrant CD4 + T-cell activation and differentiation into the Th2 lineage, lung and skin inflammation, anti-nuclear antibodies, and excess interleukin-4 (IL-4) production. 2, [6] [7] [8] Previous research has partly elucidated the mechanisms by which Itch deficiency causes inappropriate immune activation and autoinflammation; [7] [8] [9] [10] [11] [12] however, the mechanism by which Itch contributes to protective immunity in the context of respiratory bacterial infection is virtually unknown.
Klebsiella pneumoniae is a Gram-negative bacteria that can infect the respiratory tract, causing significant morbidity among immunocompromised individuals (including patients deficient in the Itch activator ATM kinase) and in patients who have been intubated. 5, 13 In mice, experimental intranasal infection with K. pneumoniae can lead to lethal pneumonia; 14, 15 however, a sublethal dose of K. pneumoniae is cleared by the immune system during the first week of infection, depending largely on innate immune cells, including neutrophils and alveolar macrophages. [16] [17] [18] Alveolar macrophages are important regulators of lung inflammation, both dampening responses to environmental antigens and acting as first responders to invading pathogens, including K. pneumoniae. [19] [20] [21] [22] [23] Histologic analyses of lungs from Itch-deficient mice have identified large, multinucleated alveolar macrophages within alveolar spaces as a key pathological feature; 6 thus, one mechanism through which Itch deficiency could influence immunity to respiratory infection is through an effect on alveolar macrophages. Importantly, macrophage survival and function are regulated by the Th2 cytokine IL-4, 24, 25 which is highly expressed in Itch − / − mice. 7 In this report, we sought to define the consequences of Itch deficiency on host defense against respiratory challenge with K. pneumoniae. We found that Itch-deficient mice exhibited markedly increased susceptibility to bacterial pneumonia, displaying increased bacterial titers, immune cell infiltration, cytokine production and decreased survival compared with control mice. We found that Th2 inflammation correlated with reduced numbers, reduced phagocytic capacity and altered morphology of alveolar macrophages in Itch-deficient mice. Importantly, IL-4 was required for loss of alveolar macrophages and susceptibility to infection. Furthermore, we found that Itch − / − CD4 + T cells were sufficient to drive attrition of alveolar macrophages in Rag1 − / − mice, obviating the requirement for Itch deficiency in any other cell type. Finally, we showed that the numbers of alveolar macrophages in Itch − / − mice were regulated directly by cell-intrinsic IL-4 receptor alpha chain (IL-4Rα)-Stat6 signaling. Together, these data support that Itch deficiency leads to an accumulation of IL-4 producing T cells in the lung, resulting in reduced numbers and function of alveolar macrophages, development of lung inflammation, and increased susceptibility to respiratory bacterial infection.
MATERIALS AND METHODS
Mice WT, Itch − / − , IL4 − / − , Itch − / − IL4 − / − and Rag1 − / − mice were bred in house at the Children's Hospital of Philadelphia. Lungs from Stat6 − / − mice were a generous gift from Taku Kimbayashi's laboratory at the University of Pennsylvania. Mice were used between 8 and 14 weeks of age, and within experiments they were matched for age and sex. For intranasal injections, mice were anesthetized with an intraperitoneal injection of ketamine and xylazine, and then 50 μl liquid containing 10 3 colony-forming unit (CFU) was instilled into the nose. Animal housing, care and experimental procedures were carried out in compliance with the Animal Care and Use Committee.
Tissue collection and processing
To collect the bronchoalveolar lavage (BAL), the trachea was cannulated and 0.8 ml phosphate-buffered saline (PBS) was injected into the airways and then recovered, repeated three times with the same 0.8 ml volume. Cells and fluid were separated by centrifugation at 1000g for 5 min. BAL fluids were stored at − 80°C, and cells were immediately transferred to cytospin slides.
Lungs were perfused by flushing 10 ml cold PBS through the right heart. Lungs were minced and digested in collagenase (1000 U/l type 1A and 1125 U/l type 1, Sigma. Atlanta, GA, USA) at 37°C for 30 min. Single-cell suspensions were generated by disrupting the digested lung through a cell strainer. Red blood cells were lysed, and then live lung cells were enumerated by trypan blue exclusion using a hemocytometer.
Flow cytometry and antibodies
Myeloid cells in single-cell lung suspensions were identified by surface staining: lung cells were stained with fixable live-dead dye (Life Technologies, Chicago, IL, USA) and then surface stained for 30 min with the following antibodies in the presence of Fc Block (BD, clone 2.4G2). All antibodies were purchased from BioLegend (SanDiego, CA, USA) unless otherwise noted: anti-mouse CD45 (clone 30F11), SiglecF (BD, clone E502440), CD11c (clone N418), CD11b (clone M1/70), Ly6G (clone IA8) and Ly6C (clone HK1.4). For intracellular cytokine staining of T cells, lung cell suspensions were stimulated with 30 ng/ml phorbol 12-myristate 13-acetate (Millipore, Chicago, IL, USA) and 1 μg/ml ionomycin (Abcam, Boston, MA, USA) in the presence of Brefeldin A (GolgiPlug from BD, New York, NY, USA) for 4 h, then cells were stained with fixable live-dead dye and surface stained for 30 min with the following antibodies in the presence Fc Block: CD4 (clone GK1.5), CD3 (clone 17A2) or TCRb (clone H57597), and CD8 (clone 53-6.7). Cells were then fixed and permeablized with BD Cytofix/Cytoperm kit, (BD, New York, NY, USA) and stained for interferon gamma (IFNγ; clone XMG1.2), IL-4 (clone 11B11) and IL-5 (clone TRFK5) for 1 h. All flow cytometry data was collected at the CHOP flow cytometry core with an LSR Fortessa (BD), and data were analyzed with FlowJo software (Treestar, Ashland, OR, USA).
Cell sorting and adoptive transfer CD4 + T cells were isolated by negative magnetic selection as previously described. 26 In brief, spleen single-cell suspensions from WT, Itch − / − or Itch − / − IL4 − / − mice were incubated with a mixture of hybridoma supernatants containing antibodies directed to MHC class II (M5/114) and CD8 (BioLegend, clone 536.7), followed by magnetic bead-conjugated goat anti-rat Ig (Qiagen, Carol Stream, IL, USA), then magnetic separation was carried out using a DynaMag-2 magnet (Invitrogen, Carlsbad, CA, USA). A total of 4 × 10 6 purified CD4 + T cells were injected intravenous into Rag1 − / − -recipient mice.
For flow cytometric sorting of alveolar macrophages, lung cell suspensions from WT or Stat6 − / − mice were stained with CD45, CD11c and SiglecF. CD45 + SiglecF + CD11c + cells were sorted at the CHOP flow cytometry core using a MoFlo Astrios (BD) cell sorter. Two days before adoptive transfer of alveolar macrophages, recipient mice received a 50 μl intranasal dose of clodronate liposomes (Encapsula Nano Sciences, Brentwood, TN, USA) to deplete endogenous macrophages. Two days later, 50 μl cell suspension containing 100 000-300 000 purified alveolar macrophages were transferred intranasally.
Cytokine analysis
Multiplex cytokine analysis from BAL of infected WT, Itch − / − , IL4 − / − and Itch − / − IL4 − / − mice was performed using the Th2 inflammation and alveolar macrophage dysfunction EK Moser et al Q-Plex Mouse Cytokine Screen IR 16-plex system (Quansys, Logan, UT, USA). For cytokine gene expression in whole lung homogenates from uninfected mice, lung was homogenized in Trizol using an electric homogenizer. RNA was extracted and precipitated with chloroform and isopropanol followed by washing with 75% ethanol. Complementary DNA (cDNA) was made using the High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR of cDNA was analyzed with TaqMan and primer/probes for IL-4, IL-5, granulocyte-macrophage colony-stimulating factor (GM-CSF) and β-actin.
BAL cytospin
Cells from BAL were adhered to glass slides by centrifugation. Slides were stained with a modified Giemsa stain (Differential Quik stain kit, Polysciences Inc., Warrington, PA, USA). Slides were visualized on the Leica (Chicago, IL, USA) DM4000B upright scope and pictures were taken with a Spot RT/SE Slider camera (Sterling Heights, MI, USA) at the Children's Hospital of Philadelphia pathology core.
K. pneumoniae infections and determination of CFU K. pneumoniae serotype 2 (American Type Culture Collection strain 43816; Manassas, VA, USA) was grown as previously described. 27 In brief, K. pneumoniae was grown in tryptic soy broth (TSB) for 16 h at 37°C with shaking. Next, fresh TSB cultures were inoculated and grown for 2 h at 37°C with shaking. Cultures were washed two times with PBS and then OD 600 was determined. Bacterial titers were calculated using the formula 1 OD = 4 × 10 8 CFU/ml. For infection, concentration was adjusted to give a dose of 10 3 CFU per 50 μl. Titers were verified by plating serial dilutions on MacConkey agar plates overnight at 37°C.
Titers from lungs of infected animals were determined by homogenizing lung in 2-4 ml PBS using an electric homogenizer for 30 s and plating serial dilutions of the homogenate on MacConkey agar plates for overnight culture at 37°C.
Histology
Lungs were perfused and BAL was collected as detailed above. The trachea was cannulated and lungs were inflated with formalin to a constant pressure, trachea was tied and inflated lungs were fixed for 48 h. Paraffin-embedded lung sections were stained with hematoxylin and eosin. Slides were visualized on the Leica DM4000B upright scope and pictures were taken with a Spot RT/SE Slider camera.
In vivo phagocytosis assay Mice were anesthetized with an intraperitoneal injection of ketamine and xylazine, and then 50 μl of PBS containing 4 mg/ ml pHRodo Green E. coli Bioparticles (Life Technologies) was instilled into the nostrils. After 1 h, mice were killed, and BAL and lung cells were collected. Green fluorescence was analyzed in alveolar macrophages from lung and BAL by flow cytometry.
Statistics
Statistics were calculated using Prism6 for Mac OS X software (GraphPad, SanDiego, CA, USA). *, ** or *** denotes P ⩽ 0.05, P ⩽ 0.01 or P ⩽ 0.001, respectively.
RESULTS

Itch deficiency leads to impaired host defense against bacterial pneumonia
Itch has been shown to be an important negative regulator of immune cell function and pulmonary inflammation; however, the role of Itch in host defense has not been determined. Because of its prominent role in the respiratory immune response, we hypothesized that Itch would have an important role in host defense to respiratory infection. To probe the role of Itch in pulmonary immune defense, we used a model of experimental bacterial pneumonia; we intranasally infected Itch − / − mice or control mice with the Gram-negative bacterium K. pneumoniae, then measured weight loss, survival and parameters of inflammation. We found that Itch − / − mice were highly susceptible to K. pneumoniae infection, exhibiting decreased survival and increased weight loss compared with wild-type (WT) controls (Figures 1a and b). All Itch − / − mice died by 4 days post infection, at a time point consistent with a defect in innate immunity. Importantly, at 3 days post infection, lungs from Itch − / − mice contained markedly increased bacterial loads compared with controls, suggesting that these mice were unable to mount sufficient innate immune responses to control the invading bacteria ( Figure 1c ). In contrast, WT mice survived, and by 7 days post infection, they had regained full body weight and cleared the infection (Supplementary Figures 1A and B ). Of note, as Itch − / − age, they stop gaining weight due to the onset of inflammatory disease. Large differences in starting body weight could influence the outcome of infection; however, we infected mice at a young enough age that the differences in body weights were small and not statistically significant (Supplementary Figure 1C) . Despite the inability to control bacteria, we found that inflammatory cytokines associated with responses to infection were significantly increased in the airways of Itch − / − mice, including IL-1b, IL-1a, MIP-1a and MCP-1 ( Figure 1d ). In addition, numbers of infiltrating immune cells, including neutrophils, monocytes and eosinophils, were increased in Itch − / − mice compared with controls, suggesting that recruitment of immune cells in response to bacterial infection was intact (Figure 1e ). Histology of infected lungs from Itch − / − mice showed dense neutrophilic and eosinophilic infiltrate as well as large macrophages within the airspaces, but not in close contact with alveolar epithelial cells (Supplementary Figure 1D) . Interestingly, total numbers of alveolar macrophages isolated from lung cell suspensions (identified as CD11c + SiglecF + ) were significantly lower in Itch − / − mice after infection (Figure 1e ), correlating with impaired bacterial control, despite increased numbers of infiltrating immune cell types. These data suggest that Itch is required for maintenance of numbers of resident alveolar macrophages during infection.
Th2 inflammation and alveolar macrophage dysfunction EK Moser et al
Alveolar macrophages are resident immune sentinels in the lower respiratory tract that reside in the alveolar airspaces, tightly adhered to the alveolar epithelial cells. 28 Because these cells are required for effective host defense against K. pneumoniae infection, 20 we wanted to determine whether Itch deficiency caused a change in the number or function of these cells before infection. Analyzing both BAL cells and lung cell suspensions by flow cytometry, we found that although the BAL from WT or Itch − / − mice contained comparable numbers of alveolar macrophages (Supplementary Figure 2A ), lungs from WT mice contained approximately twice as many alveolar macrophages as lungs from Itch − / − mice (Figures 2a and b) . Importantly, we are able to detect approximately 50-fold more alveolar macrophages in the lung cell suspensions than in the BAL ( Supplementary Figures 2A and B) , likely because alveolar macrophages tightly adhere to alveolar epithelial cells, thus requiring enzymatic digestion and mechanical disruption to be released from the lung tissue. Interestingly, we observed that a significant number of alveolar macrophages from Itch − / − lungs stained brightly positive for the viability dye, suggesting that these cells were dead and failed to be cleared by other phagocytic cells or by expulsion through the mucociliary elevator (Supplementary Figure 2C) . These cells were excluded in the dead cell gate from the enumeration of total alveolar macrophages by flow cytometry. We also observed (e) Myeloid cells were identified from lung single-cell suspensions using flow cytometry. Neutrophils were CD45 + SiglecF − CD11b + Ly6G + , eosinophils were CD45 + SiglecF + CD11c − , monocytes were CD45 + , SiglecF − ,Ly6G − CD11b + Ly6C + and alveolar macrophages were CD45 + CD11b lo CD11c + SiglecF + . (c-e) n = 4-6, compiled from two independent experiments. Each dot represents an individual mouse. Significance was determined for survival, weight loss and cytokine/bacterial burden/myeloid cell populations as follows: Log-rank test, two-way analysis of variance and unpaired t-test were used, respectively. *, **, *** or **** denotes Pr0.05, Pr0.01, Pr 0.001 or Po0.0001, respectively.
an increase in the numbers of CD11c − SiglecF + eosinophils in lungs from Itch − / − mice (Figure 2b) , which is consistent with previous literature 29 and with the known role for Itch in limiting Th2-mediated inflammation in the lung. 7 In addition to a reduction in the numbers of alveolar macrophages, we observed that the remaining alveolar macrophages in Itch − / − mice exhibited an altered morphology; namely, alveolar macrophages collected from the BAL or (e) Quantification of numbers and mean fluorescence intensity of bioparticle positive BAL and lung alveolar macrophages. n = 7-9, data are compiled from three independent experiments. Significance was calculated by two-way analysis of variance. (f) Cytokine gene expression in whole lung homogenate was quantified by QPCR (n = 3). Dots represent individual mice. Significance was calculated using an unpaired t-test. *, **, or *** denote Pr0.05, Pr0.01, or Pr0.001, respectively. observed in histological lung sections of Itch − / − mice were enlarged and vacuolated (Figure 2c; Supplementary Figure 1D) . We next wanted to determine whether these remaining alveolar macrophages were capable of phagocytosing bacteria, therefore we administered bioparticles (inactive E. coli that was conjugated to a pH sensitive dye) intranasally to WT or Itch − / − mice and assessed uptake after 1 h by flow cytometry. Because the particles would emit green fluorescence only if exposed to low pH, fluorescence would only be observed if the particles were inside the phagolysosome. We observed that lungs from Itch − / − mice contained fewer total bioparticle + alveolar macrophages, and in addition, we found that those that did ingest the particles exhibited reduced mean fluorescence intensity compared with WT (Figures 2d and e) , suggesting that the alveolar macrophages from Itch − / − mice are functionally defective as well as reduced in number. As expected, gene expression of the Th2 cytokines IL-4 and IL-5 were elevated in whole lung homogenate from Itch − / − mice, inversely correlating with reduced numbers of alveolar macrophages (Figure 2f ). The cytokine GM-CSF is required for homeostasis and function of alveolar macrophages, 30, 31 and GM-CSF-deficient mice exhibit enlarged and vacuolated alveolar macrophages. Importantly, rather than being reduced, the level of GM-CSF was elevated in the Itch-deficient respiratory tract (Figure 2f ), suggesting that a lack of GM-CSF could not explain the reduced numbers and altered morphology of alveolar macrophages in Itch − / − mice.
IL-4 is required for reduced alveolar macrophages and impaired host defense in Itch − / − mice Because we found that increased Th2 cytokines correlated with reduced numbers and function of alveolar macrophages in Itch − / − mice, and because Th2 cytokines like IL-4 can have profound effects on macrophages, 24, 25 we wanted to determine whether IL-4 was required for the loss of alveolar macrophages in Itch deficiency. Therefore, we examined lungs from mice that were doubly deficient in Itch and IL-4 (Itch − / − IL4 − / − mice) as compared with IL-4 − / − mice. We observed that the percentages, numbers, morphology and phagocytic capacity of alveolar macrophages in the lungs of Itch − / − IL4 − / − mice were similar to IL-4 − / − controls (Figures 3a-e) . In addition, the levels of IL-5 and GM-CSF in the respiratory tract of Itch − / − IL4 − / − mice were not significantly higher than controls (Figure 3f ). These data support that aberrant IL-4 activity drives the reduced numbers and altered appearance of alveolar macrophages in Itch − / − mice.
To determine whether IL-4 deficiency, resulting in an intact alveolar macrophage compartment, would improve immune defenses against respiratory infection in Itch − / − mice, we infected Itch − / − IL4 − / − and IL-4 − / − control mice with K. pneumoniae, and we observed that in the absence of IL-4, Itch − / − mice largely survived to day 7 and exhibited survival, weight loss and bacterial burden that was comparable to controls (Figures 4a-c) . There was considerably more death in mice that were deficient in IL-4 compared with WT, suggesting that regulated levels of IL-4 may have a protective role during this infection. In addition, there was a trend that Itch − / − IL4 − / − mice displayed slightly higher bacterial loads at day 3. Thus, although IL-4 is the dominant driver of increased susceptibility in Itch − / − mice, there are likely other factors that also contribute to impaired immunity in these mice. Despite this, surviving mice had fully regained body weight and cleared the infection by 7 days post infection (Supplementary Figures  1A and B) . We next evaluated the inflammatory cytokine and infiltrating leukocyte profile in the respiratory tract. We found that some of the Itch − / − IL4 − / − mice (two out of six examined for cytokine) displayed highly increased BAL cytokine compared with IL4 − / − controls; however, these increases were not consistent and did not reach statistical significance (Figure 4d ). Although many of the same cytokines were elevated in both Itch − / − BAL and Itch − / − IL4 − / − BAL fluids after infection (comparing Figure 1d with Figure 4d ), two cytokines were conspicuously different, namely, IL-1a and RANTES. It is possible that these cytokines reflect a difference in productive inflammation (that is, leading to bacterial clearance) vs damaging inflammation that may cause weight loss and death. Importantly, we saw no changes in the numbers of infiltrating inflammatory cells between IL4 − / − and Itch − / − IL4 − / − mice either by flow cytometry or by histology (Figure 4e ; Supplementary Figure 1D) . Interestingly, the IL-4 − / − mice exhibit increased starting body size compared with WT mice, but this did not appear to impact disease susceptibility (Supplementary Figure 1C) . Taken together, these data support that Itch is required for protective innate immune responses to K. pneumoniae through its critical role in controlling inappropriate IL-4 activity.
Itch − / − CD4 + T cells are sufficient to drive loss of alveolar macrophages Based on our findings above, it was clear that IL-4 was required to drive loss of alveolar macrophages and impaired host defense in Itch − / − mice, but it was unclear which cell types(s) were controlled by Itch to limit IL4/IL4-receptor signaling and preserve numbers of alveolar macrophages. Loss of Itch in CD4 + T cells leads to aberrant Th2 differentiation and Th2 cytokine production (for example, IL-4, IL-5), 7 which could impact the alveolar macrophages. Alternatively, Itch could have a role in regulating how cells respond to Th2 cytokines, as Itch has been shown to critically regulate several IL-4-sensitive immune cell types, including B cells 32 macrophages 11, 33, 34 and additional types of T cells (for example, Tfh and Tregs). [7] [8] [9] [10] 12, 35 To determine whether IL-4 production by Itch-deficient CD4 + T cells would be sufficient to drive the loss of Itch-replete alveolar macrophages, we transferred total splenic CD4 + T cells (containing normal mixtures of conventional and regulatory T cells) from WT, Itch − / − and Itch − / − IL4 − / − mice into Rag1 − / − mice, and then evaluated the frequency and numbers of alveolar macrophages 8 weeks after transfer (Figure 5a ). We first checked to see whether the transferred T cells could be detected in the respiratory tract and if they were capable of producing cytokines. To test this, we stimulated lung cell suspensions in vitro and evaluated cytokine production by intracellular To test this hypothesis, we developed an alveolar macrophage transfer system so we could transfer Stat6 − / − alveolar macrophages into an Itch − / − respiratory tract to see whether the cells would survive better than Stat6 replete cells. We first tested the experimental system for engraftment efficiency and organ specificity using WT mice. We administered clodrosomes intranasaly, then 3 days later, we transferred WT (CD45.1) alveolar macrophages into WT (CD45.2) mice. At 7 days post transfer, we looked for transferred cells in the lung, spleen and mediastinal lymph node (mLN) by flow cytometry. We found that transferred cells (d) BAL cytokines were quantified using the Quansys 16-cytokine enzyme-linked immunosorbent assay array (n = 6, compiled from three independent experiments). (e) Myeloid cells were identified from lung single-cell suspensions using flow cytometry. Neutrophils were CD45 + SiglecF − CD11b + Ly6G + , eosinophils were CD45 + SiglecF + CD11c − , monocytes were CD45 + , SiglecF − , Ly6G − CD11b + Ly6C + and alveolar macrophages were CD45 + CD11c + CD11b lo SiglecF + (n = 5-8, compiled from three independent experiments). Dots represent individual mice. Significance was determined for survival, weight loss and cytokine/bacterial burden/myeloid cell populations as follows: Log-rank test, two-way analysis of variance and unpaired t-test were used, respectively. The mean fluorescence intensity of the forward-and side-scatter parameters (FSC and SSC, respectively) was calculated for alveolar macrophages using the geometric mean formula on FlowJo software. Alveolar macrophage numbers, FSC and SSC were divided by the average WT numbers within each experiment to calculate fold change per experiment, normalizing for experimental variability (n = 5-6, compiled from two independent experiments). (e) Representative BAL cytospins stained with modified Giemsa stain and visualized at × 40. Significance was calculated using a one-way analysis of variance. * or ** denote Pr0.05 or Pr0.01, respectively.
were detectable in the lung at a rate of~1% of the total alveolar macrophage population. Less than 50 transferred cells were detected in the spleen or mLN, supporting that the majority of cells remain in the respiratory tract (Supplementary Figure 3) . To test the role of Stat6 in survival of alveolar macrophages, we co-transferred cell trace violet labeled, congenically marked, alveolar macrophages from WT (CD45.1) or Stat6 − / − (CD45.2) mice into Itch-deficient or WT mice (CD45.2), intranasally. Recipient mice were pretreated with intranasal clodronate liposomes 3 days before transfer of alveolar macrophages to improve the engraftment. One week later, we analyzed both the host and the transferred alveolar macrophages for frequency, size and complexity by flow cytometry (Figure 6a ). We were able to detect cell trace positive transferred alveolar macrophages at a frequency of~1-5% of the endogenous alveolar macrophages. Importantly, we retrieved fewer WT alveolar macrophages from Itch − / − mice than from WT mice, but equal numbers of Stat6 − / − macrophages from WT and Itch − / − lungs (Figure 6b) , suggesting that the Itch − / − lung environment was toxic to WT macrophages. When we directly compared WT vs Stat6 − / − macrophages in the same host, we found that Stat6 − / − alveolar macrophages out-competed their WT competitors in the Itch − / − host, but not the WT host (Figure 6c ). These data show that IL-4R signaling directly controls alveolar macrophage fitness in Itch − / − mice. Taken together, these data support that IL-4 from Th2 cells impairs maintenance of the alveolar macrophage population in Itch − / − mice, correlating with defects in host defense against pulmonary bacterial infection, and linking Th2 inflammation to increased susceptibility to bacterial pneumonia.
DISCUSSION
In this report, we demonstrated that Itch deficiency leads to a profound host susceptibility to bacterial pneumonia after experimental infection with K. pneumoniae. Mortality was correlated with increased bacterial loads and decreased numbers and function of alveolar macrophages in the lung, pointing to a failure of innate immune responses to control bacterial infection. The defects in bacterial control and alveolar macrophage numbers and function were rescued by genetic ablation of IL-4 in Itch − / − mice. Adoptive transfer of IL-4-producing Itch − / − CD4 + T cells was sufficient to drive loss of alveolar macrophages in Rag1 − / − mice, and intact IL-4R/Stat6 signaling on alveolar macrophages was necessary to lead to decreased alveolar macrophage survival in the Itch − / − respiratory tract.
Firstly, in our study, we found that Itch − / − mice were markedly susceptible to respiratory bacterial infection. Mice exhibited increased death, correlated with increased bacterial loads in the lung 3 days post infection. The increased bacteria at this early time point (that is, before the onset of adaptive immune responses) strongly suggest that Itch − / − mice mount a defective innate immune response. Of the immune cells and cytokines that we measured on day 3 post infection, numbers of alveolar macrophages were the only immune parameter that was reduced in the respiratory tract. Importantly, reduced numbers of alveolar macrophages were evident in Itch − / − lungs prior to infection, and the remaining alveolar macrophages displayed impaired phagocytic function in vivo. These observations suggested that Itch played an important role in maintenance of these resident immune sentinels.
Alveolar macrophages can become dysfunctional in the absence of GM-CSF or subsequent to inflammation. GM-CSF levels were intact in Itch − / − lung cells, suggesting that a defect in GM-CSF was not the reason alveolar macrophages were reduced in number. Thus, we removed Th2 inflammation by crossing Itch − / − mice to IL-4 − / − mice. The removal of IL-4 restored alveolar macrophages and immune protection from K. pneumoniae infection. Because alveolar macrophages are required for clearance of K. pneumoniae infection, 17, 20 the reduction in the size and functional capacity of this important innate immune population downstream of aberrant Th2 inflammation in Itch − / − mice offers a possible explanation for the defect in bacterial control. Importantly, our results clearly demonstrate that activated Th2 cells are required to drive increased susceptibility to respiratory bacterial infection in Itch − / − mice, which is consistent with evidence that Th2 inflammation and IL-4 are linked with increased susceptibility to secondary bacterial infection during recovery after a previous lung insult. 36, 37 Although the correlation between alveolar macrophages, bacterial control and host protection is striking, it is important to note that we did not definitively show that the defect in macrophages is responsible for the failure of Itch − / − mice to clear the infection, and further studies would be needed to establish this link.
In addition, this report demonstrates that Itch deficiency in CD4 + T cells is sufficient to drive lung inflammation in Itch − / − mice, accompanied by reduced numbers and altered morphology of alveolar macrophages. These findings show that, although Itch functions in many cell types, including macrophages and B cells, Itch deficiency in T cells, yielding activation of IL-4-producing Th2 cells, has a dominant effect on alveolar macrophages that does not require Itch deficiency in any other cell type. This is an important point because lung inflammation and altered morphology of alveolar macrophages can occur due to neutralization of GM-CSF by anti-GM-CSF autoantibodies; 38 however, as Itch − / − T cells could drive this phenotype in Rag1 − / − mice, we can rule out a requirement for autoantibody in the development of lung inflammation and alveolar macrophage deficiency in Itch − / − mice. Importantly, we have not ruled out additional cell-intrinsic roles for Itch in macrophages in other contexts. Indeed, Itch has been shown to regulate inflammatory signaling pathways in bone marrow-derived macrophages downstream of cytokines and toll-like receptors in vitro; 11, 33, 34 therefore, one would predict that Itch deficiency in macrophages would have a major role to have in host defense in vivo. However, our paper clearly demonstrates that the presence of overwhelming Th2 inflammation in the Itch − / − mice has strong effects on alveolar macrophages that effectively mask any additional cell-intrinsic role(s) for Itch. Future studies aimed at understanding the role of Itch in macrophages in vivo should employ a mouse model with a conditional deletion of Itch in myeloid cells only (for example, CD11c cre or LysM cre ), so as to avoid the confounding effects of Th2 inflammation.
It is important to note that, although we have demonstrated a reduction in alveolar macrophage cell numbers in Itch − / − mice, we have not identified the cause of the loss of alveolar macrophage numbers. It is possible that these cells are dying more or are failing to repopulate after normal turnover. Our observation that many alveolar macrophages from Itch − / − mice have compromised membranes, allowing them to take up the viability dye, suggests that these cells dying at an increased rate. Interestingly, recent reports have implicated both Toll-like receptor (TLR) and IL-1R signaling in inflammatory cell death of alveolar macrophages, 39, 40 which supports the hypothesis that alveolar macrophages exhibit increased death in Itch − / − lungs, which have high levels of IL-1 in the BAL after infection with the TLR4 ligand-containing bacteria, K. pneumonia. In addition, if these cells are undergoing inflammatory cell death, this could explain why dying alveolar macrophages are detected in the lungs from Itch − / − mice, rather than quickly being cleared. Further experiments would be required to definitively demonstrate that the cells are dying at an increased rate, and use of TUNEL and caspase staining could be used to determine the type of cell death that is occurring (that is, apoptosis, necrosis and pyroptosis).
Interestingly, Itch − / − T cells that were not competent to produce IL-4 did not produce increased IFNγ or IL-5 (compared with WT CD4 + T cells) after adoptive transfer, which is consistent with the idea that aberrant IL-4 production due to loss of inhibition by Itch in CD4 + T cells begins a feedforward inflammatory loop. The effects of IL-4 on macrophage function have been extensively studied in vitro, and IL-4 is one of the signals capable of driving polarization of alternatively activated macrophages (AAM) 41 as well as promoting foamy morphology. 42 Importantly, AAMs are associated with impaired bacterial clearance, and have been demonstrated to display impaired bacterial phagocytosis and killing after exposure to IL-4, 41, 43, 44 supporting the idea that chronic Th2 inflammation, caused by Itch − / − CD4 + T cells, could directly lead to altered function and morphology of alveolar macrophages. However, because Itch − / − IL4 − / − T cells fail to produce both IL-5 and IL-4 (and possibly other inflammatory mediators not measured in this report, for example, IL-13), it is possible that that other cytokines produced by Th2 cells or other cells responding to Th2 cells could contribute to reduced numbers of alveolar macrophages.
We partially addressed this issue by adoptive transfer of Stat6 − / − alveolar macrophages, which are unable to signal through the IL-4Rα, into Itch − / − mice. Results from these experiments supported that Stat6 − / − alveolar macrophages, which lacked the ability to signal through the IL-4Rα, were better able to survive and persist in the Itch − / − inflamed respiratory tract; thus, cytokine signaling directly on the alveolar macrophages was important in contributing to the observed reduction in cell numbers. It is important to note that IL-4Rα/Stat6 signaling is also used by the Th2 cytokine IL-13; thus, we have not determined whether IL-4 or IL-13 is responsible for this effect. Although it is not explicitly examined in this study, IL-13 is also elevated in Itch − / − mice, 45 and it is possible that both IL-4 and IL-13 contribute to the reduction in alveolar macrophages. In addition, these experiments are limited by the efficiency of alveolar macrophage transfer, as transferred cells make up only 1-5% of the alveolar macrophage pool. To study the functional effects (that is, host defense against respiratory infection) of removing IL-4 signaling from alveolar macrophages in Itch − / − mice, future studies would use Itch − / − mice crossed to mice in which IL-4 signaling could be conditionally deleted in macrophages (for example, IL-4R flox or Stat6 flox × LysM cre or CD11 cre mice).
Taken together, our data point to a direct role of T-cellderived Th2 cytokines in impairment of the resident population of alveolar macrophages in Itch − / − mice. This report provides a previously unappreciated link between aberrantly activated Th2 cells, lethal lung inflammation and host defense against bacterial pneumonia. This network may broadly apply to situations in which Th2 cytokines are elicited in the lung (for example, asthma and wound healing), resulting in a negative impact on alveolar macrophages and host defense.
